Aims/hypothesis Ideally, a therapeutic insulin secretagogue should coordinately increase insulin production and insulin secretion to maintain islet beta cell secretory capacity. We compared the incretin mimetic exendin 4 and the sulfonylurea glibenclamide (known as glyburide in the USA and Canada) for their effects in upholding a balance between (pro)insulin biosynthesis and insulin secretion in pancreatic islets. Methods Isolated rat islets were incubated for 1 or 16 h over a range of glucose concentrations (2.8-16.7 mmol/l) with or without exendin 4 (10 nmol/l) or glibenclamide (1 μmol/l). Islets were then analysed for preproinsulin mRNA expression by RNase protection and quantitative real-time RT-PCR assays. Proinsulin biosynthesis was analysed by metabolic pulse-radiolabelling, immunoprecipitation and PAGE. Insulin secretion and insulin content were analysed by radioimmunoassay.
Introduction
The onset of type 2 diabetes is marked by a selective loss of pancreatic beta cells and insulin secretory dysfunction, so that insulin production and secretion no longer compensate for inherent insulin resistance [1, 2] . Beta cell secretory dysfunction in type 2 diabetes is characterised by a decreased and delayed response to glucose, commonly observed as a loss of first-phase insulin secretion [3] . However, other secretagogues, such as arginine, can induce a normal first-phase insulin secretory response in type 2 diabetes [1, 4] . One therapeutic approach for type 2 diabetes has been to use pharmacological reagents that boost endogenous insulin secretion, such as sulfonylureas and glucagon-like peptide 1 (GLP-1) analogues [5, 6] . Ideally, such therapeutic insulin secretagogues should increase insulin production in parallel to insulin secretion, so as to replenish the insulin lost by regulated secretion and maintain optimal beta cell secretory capacity. However, not all pharmacological insulin secretagogues are capable of this.
Sulfonylureas induce insulin secretion by closing ATPsensitive K + channels [7] ; this in turn causes the beta cell plasma membrane depolarisation, to open voltage-sensitive L-type Ca 2+ channels and instigate a rise in cytosolic [Ca 2+ ]i, which is the key signal that triggers insulin exocytosis [8, 9] . However, sulfonylureas do not stimulate proinsulin biosynthesis [10] , and consequently there may be a decrease in the beta cell's intracellular insulin store. Another shortcoming of sulfonylurea therapy is that it can induce insulin secretion independently of circulating glucose concentrations, and this increases the risk of the incidence of hypoglycaemic episodes [5] .
GLP-1 analogues mimic the action of the endogenous GLP-1 incretin [6, 11] . Physiologically, GLP-1 acts on the beta cell via specific Gαs-protein-coupled GLP-1 receptors to potentiate glucose-induced insulin secretion [12] . Endogenous GLP-1 has a short half-life of ∼2 min in vivo [13] , and consequently its biological action is limited. GLP-1 is inactivated in vivo by limited proteolysis via a protease called dipeptidyl peptidase IV (DPP-IV) [13] . Long-acting GLP-1 analogue agonists, such as exendin 4 (also known as exenatide and Byetta [14] ), are relatively resistant to DPP-IV proteolysis, and consequently have a considerably longer half-life in the circulation compared with native GLP-1 [15] . They bind the beta cell GLP-1 receptor with equivalent affinity to native GLP-1 and consequently exhibit effects similar to those of GLP-1 [11] . Like endogenous GLP-1 [16] , GLP-1 analogues only promote insulin secretion in a glucose-dependent manner [11] , and consequently the risk of hypoglycaemia is lessened when they are used therapeutically [17] . Furthermore, it has been reported that GLP-1 might maintain beta cell insulin secretory capacity by augmenting preproinsulin gene transcription and proinsulin synthesis, coordinately with insulin secretion, in pancreatic beta cell lines [18, 19] , and islets from transgenic mouse models [20] . However, this is not particularly well established in normal primary islet beta cells. In this study, we compared the effects of exendin 4 and the sulfonylurea glibenclamide (known as glyburide in the USA and Canada) on the balance between insulin secretion and production in isolated pancreatic islets from normal rats. 
Materials and methods

Materials
Islet isolation and culture
Islets of Langerhans were isolated from pancreases of male Wistar rats weighing ∼250 g (Charles River Laboratories, Wilmington, MA, USA), as described previously [21] . The use and care of the animals was in accordance with the principles and guidelines of the Institutional Animal Care Administrative Committee at the Pacific Northwest Research Institute. For short-term experiments, isolated islets were cultured overnight at 37°C in RPMI-1640 containing a normoglycaemic glucose concentration (5.6 mmol/l), then preincubated for 1 h at basal (2.8 mmol/l) glucose in Krebs-Ringer buffer (KRB), pH 7.4, containing 20 mmol/l HEPES and 0.1% (w/v) BSA, followed by a second 1-h incubation in KRB at 2.8-16.7 mmol/l glucose with or without exendin 4 (10 nmol/l) or glibenclamide (1 μmol/l), as described previously [10] . For long-term experiments, islets were cultured for 16 h in RPMI-1640 containing glucose at 2.8-16.7 mmol/l with or without exendin 4 (10 nmol/l) or glibenclamide (1 μmol/l), followed by incubation for 1 h in KRB at the same glucose concentration with or without exendin 4 (10 nmol/l) or glibenclamide (1 μmol/l) as described previously [10] .
Proinsulin biosynthesis and insulin secretion in isolated islets
For short-term experiments, after the second 1-h incubation period, an aliquot of medium was collected for insulin secretion analysis. Then, islets were radiolabelled with the [ 35 [10, 21] . The degree of [ 35 S] proinsulin biosynthesis was determined in islet lysates by immunoprecipitation and alkaline-urea PAGE, as described previously [10, 21] . The [
35 S]total protein synthesis was analysed by trichloroacetic acid precipitation as described [21] . The fold change in proinsulin biosynthesis was corrected for that of total protein synthesis values, so that the specific effect on proinsulin biosynthesis could be ascertained. Insulin secretion was analysed in the islet incubation medium and intracellular insulin content in islet lysates by RIA (rat insulin RIA kit; Linco Research, St Charles, MO, USA).
RNase protection assay of islet preproinsulin mRNA After 1 or 16 h of incubation, levels of preproinsulin mRNA were determined in islet lysates as described previously [10, 22] . Briefly, RNA was protected using a [ 32 P]uridine-labelled antisense RNA fragment corresponding to the coding regions of rat preproinsulin-1 and -2 mRNAs. Unprotected RNA was digested with an RNase cocktail. Protected mRNA was then resolved by gel electrophoresis and analysed by quantitative densitometric scanning of autoradiographs. As a control, β-actin RPA was performed in parallel to preproinsulin RPA in the same islet lysates. Results are shown as the ratio of preproinsulin mRNA to β-actin mRNA.
Quantitative real-time RT-PCR analysis of preproinsulin mRNA Total RNA was isolated from batches of 100 rat islets using the RNeasy mini-kit method (Qiagen, Valencia, CA, USA) and in-column DNase (Qiagen) treatment. Real-time PCR analysis of control samples in the absence of reverse transcriptase yielded no product (data not shown). Fluorescence-based real-time RT-PCR was performed as described [23] using the forward primer 5′-GCCCAGGCTTTTGT CAAACA-3′, the reverse primer 5′-CTCCCCACACAC CAGGTAGAG-3′ and TaqMan TAMRA labelled probe 6FAM-AGCTTCCACCAAGTGAGAACCACAAAGGT-TAMRA from the rat insulin II cDNA sequence. As a control, β-actin real-time RT-PCR was performed in parallel in the same islet RNA preparations. β-Actin primers and probe were: forward primer 5′-ACGAGGCC CAGAGCAAGA-3′; reverse primer 5′-TTGGTTACAA TGCCGTGTTCA-3′; probe 6FAM-TGGGTCCTCCACTT CACGGCG-TAMRA. Results are shown as the ratio of preproinsulin to β-actin mRNA.
Immunoblotting analysis of CREB phosphorylation
After the indicated incubation time, CREB phosphorylation was analysed in islet lysates prepared from batches of 100 islets, as described previously [24] . Nitrocellulose membranes were first immunoblotted for phospho-CREB (1:1,000), then stripped by incubation for 30 min at 50°C in 62.5 mmol/l Tris, pH 6.8, 2% SDS, 0.1 mol/l β-mercaptoethanol, and subsequently immunoblotted for total CREB (1:1,000).
Statistical analysis
Results are presented as mean±SEM, with n referring to the number of independent experiments. Statistically significant differences between groups were analysed using the Student's t-test for unpaired samples. A p value <0.05 was considered to indicate a significant difference.
Results
Effect of exendin 4 and glibenclamide on islet preproinsulin mRNA levels
After a 1-h short-term incubation, neither glucose, exendin 4 nor glibenclamide affected islet preproinsulin mRNA levels (Fig. 1a) . In the long-term incubations (16 h), glucose (at ≥5.6 mmol/l) increased preproinsulin mRNA levels in isolated rat islets; the increase reached a maximum of ∼4-fold at ≥8 mmol/l glucose relative to control β-actin mRNA levels (Fig. 1b) , similar to previous observations [10, 25] . Neither exendin 4 nor glibenclamide significantly altered the long-term effect of glucose on preproinsulin mRNA levels in primary rat islets (Fig. 1b) . Control β-actin mRNA levels were not significantly affected by glucose, exendin 4 or glibenclamide in both 1-h and 16-h experiments (data not shown). Preproinsulin mRNA levels were also determined by real time RT-PCR in islets incubated between 2.8 and 16.7 mmol/l glucose with or without exendin 4 (10 nmol/l) for 16 h. Similar results to that of the RPA were found, in that there was no additional effect of exendin 4 on glucose-induced preproinsulin mRNA expression (Fig. 1c) .
Although exendin 4 did not appear to augment glucoseinduced preproinsulin mRNA levels in rat islets, it nonetheless increased the phosphorylation of the transcription factor CREB (Fig. 2) . Stimulatory glucose (16.7 mmol/l) transiently increased CREB phosphorylation at Ser133 after 5 min exposure (2.1±0.2-fold, p<0.05 vs time zero), but a basal CREB phosphorylation state returned within 1 h (Fig. 2) . Exendin 4 (10 nmol/l) significantly potentiated CREB phosphorylation induced by 16.7 mmol/l glucose, which peaked at 5 min (3.8±0.6-fold over basal [time zero], p<0.05 vs glucose alone) and was sustained up to 2 h thereafter, although diminishingly so. After 16 h of incubation exendin 4 was unable to stimulate CREB phosphorylation even when islets were allowed to recover at basal (2.8 mmol/l) glucose for 1 h and then restimulated for 1 h with a fresh dose of high glucose (16.7 mmol/l) and 10 nmol/l exendin 4 (Fig. 2) . Total CREB levels did not notably change (data not shown), indicating that this was a specific effect of glucose/exendin 4 on CREB phosphorylation. These data indicate that isolated islets were responsive to exendin 4, despite the lack of effect of exendin 4 on preproinsulin mRNA levels ( Fig. 1) .
Effect of exendin 4 and glibenclamide on glucose-induced proinsulin biosynthesis and total protein synthesis in isolated rat islets
In the short term (1 h), glucose (≥5.6 mmol/l) specifically stimulated proinsulin biosynthesis up to a maximum of 6-fold at 16.7 mmol/l glucose (Fig. 3a) , as previously observed [21] . Exendin 4 (10 nmol/l) had no effect on total protein synthesis in rat islets (Fig. 4a ), but significantly (p<0.05) potentiated glucose-induced proinsulin biosynthesis at glucose concentrations of 5.6-11 mmol/l (Fig. 3a) . In contrast, glibenclamide (1 μmol/l) did not increase proinsulin biosynthesis at any glucose concentration. On the contrary, glibenclamide significantly decreased proinsulin biosynthesis 2-to 3-fold (p<0.05) at glucose concentrations between 2.8 and 8 mmol/l (Fig. 3a) . However, this inhibitory effect was not specific to proinsulin biosynthesis, since glibenclamide similarly decreased total protein synthesis at the same glucose concentrations (Fig. 4a) . Uptake of extracellular Ca 2+ by the beta cell is necessary for glucose-and glibenclamide-induced insulin secretion from isolated islets, but is not required for glucose-induced proinsulin biosynthesis [26] . Indeed, Ca 2+ depletion from the islet incubation medium tends to increase total protein synthesis [10, 27] , and increased cytosolic [Ca 2+ ]i has a negative effect on general protein synthesis translation [28] . Accordingly, the absence of Ca 2+ in the extracellular medium prevented the inhibition of proinsulin biosynthesis by glibenclamide (Fig. 3c) , in parallel with a recovery of total protein synthesis (data not shown). For long-term (16 h) glucose regulation of proinsulin biosynthesis, there was a more potent effect than that observed for the shorter 1-h incubation period: 27±6-fold vs 6.2±0.8-fold increase at 16.7 mmol/l above basal (2.8 mmol/l) glucose (Fig. 3b) . This approximate 4-fold rise was probably a consequence of the parallel glucoseinduced increase in preproinsulin mRNA levels (Fig. 1b) , as described previously [10] . In contrast to the short-term (1 h) effect (Fig. 3a) , in the long term (16 h) exendin 4 caused only a slight increase in proinsulin biosynthesis above that caused by glucose (Fig. 3b) , but this was not statistically significant. This was probably a result of desensitisation/downregulation of the GLP-1 signal transduction pathway by prolonged exposure to exendin 4 in vitro [29] , and was consistent with the lack of an effect of Fig. 3 Effect of exendin 4 and glibenclamide on glucose-induced proinsulin biosynthesis in isolated rat islets. Proinsulin biosynthesis was determined, as described in Materials and methods, in isolated rat islets incubated for 1 h (a) or 16 h (b) over a range of glucose concentrations only (circles) or in the additional presence of 10 nmol/l exendin 4 (squares) or 1 μmol/l glibenclamide (triangles). Representative gel phosphorimages and densitometric quantifications of these are shown. Collective data on the fold increase in proinsulin biosynthesis over basal (2.8 mmol/l) glucose alone are shown as mean±SEM (n≥6) *p<0.05, **p<0.01 vs the equivalent glucose-alone observation. c Effect of extracellular Ca 2+ depletion on the 1-h glibenclamide regulation of proinsulin biosynthesis. Representative phosphorimages are shown from three independent experiments exendin 4 on CREB phosphorylation observed after a long exposure (16 h) to exendin 4 (Fig. 2) . Glibenclamide did not significantly affect proinsulin biosynthesis at any glucose concentration during the 16-h incubation period, except at 2.8 mmol/l glucose, when a small (2.0±0.3-fold) increase over glucose alone (p<0.05) was observed (Fig. 3b) , as shown previously [10] . Neither exendin 4 nor glibenclamide modified the effect of glucose on total protein synthesis during this 16-h incubation (Fig. 4b) .
Effect of exendin 4 and glibenclamide on insulin secretion and islet insulin content
Insulin secretion was assessed in the same isolated rat islets as those used for studying proinsulin biosynthesis. In the short term (1 h), exendin 4 (10 nmol/l) significantly poten- Fig. 5 Effect of exendin 4 and glibenclamide on glucose-induced insulin secretion from isolated rat islets. Insulin secretion from isolated rat islets was determined, as described in Materials and methods, in isolated rat islets incubated for 1 h (a), 16 h (b) and 1 additional hour after the 16-h incubation period (c), over a range of glucose concentrations, in the absence (circles) or in the additional presence of 10 nmol/l exendin 4 (squares) or 1 μmol/l glibenclamide (triangles). Collective data on insulin secretion rates are shown as mean±SEM (n≥6). *p<0.05, **p<0.01 vs equivalent glucose-alone observation tiated glucose-induced insulin secretion at ≥8 mmol/l glucose (p<0.01; Fig. 5a ). In contrast, glibenclamide (1 μmol/l) significantly increased insulin secretion at basal (2.8 mmol/l) and 5.6 mmol/l glucose concentrations (p<0.01; Fig. 5a ), indicating its glucose-independent secretagogue effect [10, 30] . At ≥8 mmol/l glucose, glibenclamide potentiated glucose-induced insulin secretion approximately 2.5-fold (p<0.01; Fig. 5a ). However, this potentiation of insulin secretion by glibenclamide at higher glucose concentrations (11 and 16.7 mmol/l) was nonetheless smaller than that induced by exendin 4 (Fig. 5a ). The islet insulin content did not change significantly at any glucose concentration in the presence or absence of glibenclamide or exendin 4 in the short-term (1 h) incubation (Fig. 6a) . This was reflective of only a small fraction of the intracellular insulin stores being secreted per hour, which even under maximal stimulatory conditions of 16.7 mmol/l glucose plus exendin 4 was only 2.6±0.3% per hour of the total insulin content.
Chronic (16 h) exposure of isolated islets to glucose resulted in a larger increase in the rate of insulin secretion than that observed during short-term (1 h) incubation at ≥8 mmol/l glucose (Fig. 5b vs a) . Exendin 4 (10 nmol/l) significantly potentiated insulin secretion from isolated islets incubated for 16 h only at stimulatory glucose concentrations (≥8 mmol/l, p<0.05; Fig. 5b ). However, this exendin 4 potentiation effect was proportionally less than that observed for the short-term (1 h) incubation period (Fig. 5a) , and even more reduced when a fresh dose of exendin 4 (10 nmol/l) was added and the islets were incubated for another 1 h in addition to the 16-h period (Fig. 5c ). This was probably indicative of partial desensitisation of exendin 4/GLP-1 signalling in long-term in vitro incubations [29] . Glibenclamide (1 μmol/l) significantly induced insulin secretion at every glucose concentration during the 16-h incubation period (p<0.05; Fig. 5b ). At basal (2.8 mmol/l) and 5.6 mmol/l glucose, glibenclamide-induced insulin secretion was >6-fold greater in the long-term (16 h) than in the short-term (1 h) incubation. Glibenclamide also significantly increased insulin secretion (2-fold, p<0.05), especially at glucose concentrations ≥8 mmol/l, when an additional 1-h incubation period with fresh glibenclamide (1 μmol/l) was performed after the 16-h incubation (Fig. 5c) . After 16 h of incubation, glibenclamide (1 μmol/l) significantly decreased islet insulin content, by approximately 40% (p<0.05), at glucose concentrations greater than 2.8 mmol/l compared with control islets (Fig. 6b) . In contrast, exendin 4 (10 nmol/l) had only a marginal effect in decreasing islet insulin content compared with that of glibenclamide at 5-11 mmol/l glucose concentrations, and its effect was not statistically significant compared with that of glucose alone (Fig. 6b) . A more marked decrease in islet insulin content in the presence of exendin 4, similar to that seen with glibenclamide, was observed at 16.7 mmol/l glucose, but this nonetheless did not reach statistical significance (Fig. 6b) .
Discussion
In order to maintain optimal intracellular insulin content, when insulin is secreted by the beta cell a parallel increase Effects of exendin 4 and glibenclamide on the insulin content of isolated rat islets. Residual islet insulin content was determined, as described in Materials and methods, in the same isolated rat islets examined for proinsulin biosynthesis, total protein synthesis and insulin secretion (Figs. 3, 4 , 5) that were incubated for 1 h (a) or 16 h (b), over a range of glucose concentrations, in the absence (circles) or the additional presence of 10 nmol/l exendin 4 (squares) or 1 μmol/l glibenclamide (triangles). Collective data on islet residual insulin content are shown as mean±SEM (n≥6), where significant differences (*p<0.05, **p<0.01) compared with the equivalent glucose-alone observation are indicated in insulin production is required to replenish the insulin stores. Thus, when insulin secretagogues are used for the treatment of type 2 diabetes, it is preferable that there is a coordinated upregulation of insulin production to maintain the beta cell insulin secretory capacity. In this in vitro study, it was found that the long-acting GLP-1 analogue exendin 4 better maintained islet beta cell insulin stores, because it increased proinsulin biosynthesis coordinately with insulin secretion. Exendin 4 potentiated glucose-induced proinsulin biosynthesis without altering preproinsulin mRNA levels, especially in the short term, and consequently was predominately regulating proinsulin biosynthesis at the translational level. The specific glucose-induced control of proinsulin biosynthesis mediated at the translational level is well established [10, 21, 22] , but, to our knowledge, this is the first demonstration that GLP-1 analogues are capable of enhancing translational control of proinsulin synthesis in primary beta cells. This is consistent with previous observations, in that reagents (including glucagon, theophylline, caffeine, methylxanthines and dibutyryl cyclic AMP) which, like GLP-1/exendin 4 [11, 18] , also increase intracellular cyclic AMP levels in islet beta cells, potentiate the glucose-induced control of proinsulin synthesis at the translational level [31, 32] .
No effect of exendin 4 on regulating preproinsulin mRNA levels above the effect of glucose in primary rat islet beta cells was found. This is in contrast to previous observations in pancreatic beta cell lines, in which GLP-1 increased preproinsulin mRNA levels [18, 19, 33] , but these are dedifferentiated cells and do not always reflect the functional characteristics of primary beta cells. Both GLP-1 and exendin 4 have been shown to augment preproinsulin mRNA levels in vivo [20, 34] , but this could be reflective of increased beta cell mass [35] . It has been indicated previously that exendin 4 can increase preproinsulin mRNA levels in murine islets in vitro via a mechanism dependent on pdx-1 [20] , but the lack of effect of exendin 4 on preproinsulin mRNA found in this study suggests that there may be a species difference between wild-type rats and certain transgenic mice. However, it should be considered that preproinsulin gene expression in pancreatic beta cells is not especially regulated by elevations in [cyclic AMP]i and that the cyclic AMP response element (CRE) in the preproinsulin gene promoter is relatively silent [24, 36, 37] . Consequently, when GLP-1/exendin 4 is found to increase preproinsulin mRNA levels in beta cells they are probably operating via secondary effects. Nonetheless, the lack of an effect of exendin 4 on preproinsulin mRNA levels in isolated rat islets emphasises that GLP-1/exendin 4 principally regulates proinsulin biosynthesis at the translational level.
It should also be noted that, with longer-term exposure of exendin 4 to isolated rat islets, the potentiation of glucose-induced proinsulin biosynthesis was much reduced, most likely because of GLP-1 receptor signalling desensitisation in vitro, which is consistent with previous observations [29] . The in vitro effects of exendin 4 on isolated rat islets were relatively transient. For example, exendin 4 did not significantly increase CREB phosphorylation beyond 2 h, and was ineffective in mediating any further CREB phosphorylation after 16 h chronic exposure to exendin 4. Such desensitisation to chronic (16 h) exposure to exendin 4 was also found, in that the potentiation of glucose-induced proinsulin biosynthesis at the translational level (Fig. 3) and the ability to enhance glucose-stimulated insulin release was much reduced (Fig. 5) . It is possible that this chronic GLP-1/exendin 4 desensitisation could also contribute to the lack of effect of exendin 4 in regulating preproinsulin mRNA levels in rat islets. However, it is currently unclear whether the exendin 4 desensitisation observed here in vitro can be extended to islet beta cell function in vivo. Given the long-term effectiveness of long-acting GLP-1 analogues in improving insulin secretion and sensitivity in type 2 diabetes [38] , it seems that any desensitisation at the level of islet beta cells in vivo is relatively moot. Moreover, even if there is a degree of beta cell desensitisation to chronic exposure to GLP-1 analogues in vivo, one must consider additional therapeutic benefits of this class of reagent, such as satiety and weight loss [17] , which would also contribute to the alleviation of the type 2 diabetic state.
In contrast to exendin 4, the sulfonylurea glibenclamide had no effect on increasing proinsulin biosynthesis translation at either basal or stimulatory glucose concentrations, in agreement with previous studies [10, 39] , despite promoting insulin secretion independently of glucose concentration. Consequently, in islets chronically treated with sulfonylureas, an imbalance can arise between the rates of insulin secretion and proinsulin biosynthesis. This imbalance was exaggerated at basal and intermediate glucose concentrations (3-8 mmol/l), at which normal glucose regulation of proinsulin biosynthesis was compromised by glibenclamide, probably as a result of cytosolic [Ca 2+ ]i levels becoming too high. Thus, the increase in insulin secretion instigated by long-term exposure to glibenclamide cannot be replenished, which consequently reduces islet insulin content and eventually undermines the insulinsecretory capacity of the beta cell. Because exendin 4 potentiated glucose-induced proinsulin biosynthesis and insulin secretion in parallel, intracellular islet beta cell insulin stores were better preserved. Thus, from a beta cell perspective alone, long-acting GLP-1 analogues, and perhaps even DPP-IV inhibitors, which prolong the action of endogenous GLP-1 [40] , are more beneficial than sulfonylureas for the treatment of type 2 diabetes by better maintaining the insulin secretory capacity of islet beta cells.
